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The 122∗ series of iron-chalcogenide superconductors, for example KxFe2−ySe2, only possesses electron
Fermi pockets. Their distinctive electronic structure challenges the picture built upon iron pnictide superconduc-
tors, where both electron and hole Fermi pockets coexist. However, partly due to the intrinsic phase separation
in this family of compounds, many aspects of their behavior remain elusive. In particular, the evolution of the
122∗ series of iron-chalcogenides with chemical substitution still lacks a microscopic and unified interpretation.
Using angle-resolved photoemission spectroscopy, we studied a major fraction of 122∗ iron-chalcogenides, in-
cluding the isovalently ‘doped’ KxFe2−ySe2−zSz, RbxFe2−ySe2−zTez and (Tl,K)xFe2−ySe2−zSz. We found that the
bandwidths of the low energy Fe 3d bands in these materials depend on doping; and more crucially, as the band-
width decreases, the ground state evolves from a metal to a superconductor, and eventually to an insulator, yet
the Fermi surface in the metallic phases is unaffected by the isovalent dopants. Moreover, the correlation-driven
insulator found here with small band filling may be a novel insulating phase. Our study shows that almost all
the known 122∗-series iron chalcogenides can be understood via one unifying phase diagram which implies that
moderate correlation strength is beneficial for the superconductivity.
PACS numbers: 74.25.Jb, 74.70.Xa, 79.60.-i, 71.20.-b
I. INTRODUCTION
The iron-based superconductors (FeHTSs) can essentially
be classifed into two large families based on their electronic
structure. The first family is comprised of iron pnictides and
Fe(Te,Se) bulk crystals, whose Fermi surfaces are composed
of both electron and hole pockets [1–3]. Built on the spin
fluctuations between the electron and hole Fermi pockets, a
sign-changing s-wave pairing was predicted by weak coupling
theories [4–6]. The second family consists of AxFe2−ySe2
(A=K, Rb, Cs, Tl/K) [7–10], (Li0.8Fe0.2)OHFeSe [11, 12],
the amonia-intercalated Lix(NH2)y(NH3)1−yFe2Se2 [13], and
the recently discovered monolayer FeSe thin film [14–17].
The Fermi surfaces of this family of FeHTSs consist only of
electron pockets. The nodeless gap observed in these iron-
chalcogenides has posed a serious challenge to the weak cou-
pling theories, which have predicted gap nodes for such a
Fermi surface topology [18]. Therefore, a comprehensive un-
derstanding of microscopic behaviors of both families is crit-
ical for understanding the mechanism of FeHTS.
Recently, a systematic angle-resolved photoemission spec-
troscopy (ARPES) investigation was conducted in many se-
ries of the first families of FeHTSs, including bulk Fe(Te,Se),
BaFe2(As1−xPx)2, Ba(Fe1−xRux)2As2, NaFe1−xCoxAs and
LiFe1−xCoxAs [19]. In all these compounds, the bandwidths
are found to increase with the doping level x, as the super-
conductivity is weakened and eventually suppressed at high
doping levels, regardless of the doping traits being heterova-
lent or isovalent. Such an observation is consistent with strong
coupling theories, where pairing is mediated by local antifer-
romagnetic interactions [20–26]. It is then intriguing to ask if
similar behavior is also present for the second family of Fe-
HTS. However, in contrast to the first family of FeHTS, an
in-depth understanding of the doping dependence of the sec-
ond family of FeHTS is still lacking for several reasons. The
doping of many members of the second family is discrete or
cannot be controlled. In particular, for the 122∗ series of iron-
chalcogenides (AxFe2−ySe2 and the like) that comprise most
of this family, there is an intrinsic phase separation between a√
5 ×√5 Fe-vacancy ordered insulating phase (also called the
“245” phase) and a superconducting phase [27–31]. Conse-
quently, the doping-dependence of the microscopic properties
of this series has not been investigated extensively.
Recent progress in materials synthesis has enabled the tun-
ing of the superconductivity of AxFe2−ySe2 in a more con-
trolled manner. As shown in Fig. 1(a), phase diagrams have
been obtained when replacing Se with Te or S in AxFe2−ySe2
(A = K, Rb) [32, 33]. Intriguingly, though the chemical pres-
sure is tensile for Te doping and compressional for S doping
as shown by their lattice constant evolution in Fig. 1(b), su-
perconductivity is gradually suppressed in both cases. See the
Supplementary Material for in-plane resistivity and magnetic
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FIG. 1: (a) Phase diagrams of RbxFe2−ySe2−zTez and KxFe2−ySe2−zSz.
SC, M, and IN represent the superconducting, metallic and insulating
phases, respectively. (b) In-plane lattice constants (data are extracted
from Ref. [32, 33]) of RbxFe2−ySe2−zTez and KxFe2−ySe2−zSz.
susceptibility data [34]. It is important to note that at low
temperature the resistivity on the S-overdoped side is metal-
lic, while that on the Te-overdoped side is insulating.
In this work, we systematically studied the low energy elec-
tronic structure of AxFe2−y(Se, S/Te)2 (A=K, Rb, Tl/K), and
we show that they can be fit into one generic phase diagram,
with bandwidth or correlation strength being the control pa-
rameter. We found that on decreasing bandwidth, the ground
state of these compounds evolves from a metal to a super-
conductor and then to an insulator, which has almost all the
essential ingredients of the cuprate phase diagram, except that
bandwidth, rather than carrier doping, is the control parame-
ter. Intriguingly, the insulating phase found here has a small
band filling and is induced by band narrowing from a super-
conducting phase, which resembles the bandwidth-controlled
Mott transition, except that the latter requires an integer band
filling. Therefore it might indicate either a novel correlation-
driven insulator, or that the unit cell has been somehow ex-
panded by certain ordering. Our results give a microscopic
and unified understanding of various chemical-substitution-
based phase diagrams of the 122∗ series of iron-chalcogenide
FeHTS. The revealed relationship between the superconduc-
tivity and the electronic correlations is reminiscent of similar
observations made in iron pnictides [19], and thus might lead
to a comprehensive understanding of both families of FeHTS.
II. EXPERIMENT
High-quality KxFe2−ySe2−zSz (z = 0, 0.53, 0.83, 0.97, 1.40,
and 1.61) single crystals were synthesized using the self-flux
method. High-purity Fe, Se, S and K were carefully mixed
with the nominal compositions, then sealed in an evacuated
quartz tube. The tube was heated to 1303 K and kept for
6 h, and then slowly cooled down to 1003 K at the rate of
3 K/h before shutting off the power. The S concentrations,
z, were confirmed by electron-probe micro-analysis (EPMA).
Further details about the RbxFe2−ySe2−zTez (z = 0, 0.20, 0.28,
0.3, and 0.4) and Tl0.4K0.4Fe1.7Se2 single crystals can be found
in Refs. [32, 35]. TlxFe2−ySe0.4S1.6 and TlxFe2−yS2 are non-
superconducting compounds [36]. High-resolution ARPES
measurements were performed at the I05 beamline of the
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FIG. 2: Doping dependence of the Fermi surface sheets of Te/S
doped AxFe2−ySe2. These nine false-color plots are the four-fold-
symmetrized photoemission intensity maps at the Fermi energy (EF)
in the Γ-M plane. The photoemission intensity distribution is mirror
symmetrized with respect to the kx and ky axes. Intensities were inte-
grated over a window of (EF − 15 meV, EF + 15 meV). White dashed
circles show the δ band Fermi crossings, wherever identifiable.
Diamond Light Source, beamline 5-4 of the Stanford Syn-
chrotron Radiation Light source (SSRL), One-Cubed ARPES
at BESSY II and our in-house ARPES system with a Helium
discharge lamp (21.2 eV photons), all equipped with a Scienta
R4000 electron analyzer, and at beamline 28A of the Photon
Factory, KEK, equipped with a Scienta SES-2002 electron an-
alyzer. The overall energy resolution was 2.5∼20 meV, de-
pending on the photon energies and experimental setups, and
the angular resolution was 0.3 degrees. Samples were cleaved
under ultra-high vacuum conditions. RbxFe2−ySe1.6Te0.4 sam-
ples are measured at T=100 K to avoid charging effects and
other samples are measured at T = 1∼13 K depending on the
experimental setups. The ARPES measurements on each sam-
ple were carried out within 8 hours, with sample aging effects
carefully monitored.
III. RESULTS
We first examine the Fermi surface topologies of
KxFe2−ySe2−zSz and RbxFe2−ySe2−zTez in Fig. 2. Similar to
KxFe2−ySe2 [7–9], only electron pockets can be observed at
the zone center Γ and the zone corner M. There are two
electron-like bands δ and δ′ around the M point, which give
nearly the same Fermi surface sheets [37, 38]. However, only
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FIG. 3: (a) Doping dependence of the photoemission intensity distributions along the Γ-M direction in RbxFe2−ySe2−zTez and KxFe2−ySe2−zSz,
and the corresponding second derivatives with respect to energy. The band structures were determined for the superconducting phases of these
compounds [37]. The white double-headed arrows indicate the bandwidth of the β band. (b) The background-subtracted EDCs for the data in
(a). The dispersions of the β and δ band are clearly resolved, and the (occupied) bandwidth is highlighted by shadow. (c) The β bandwidth
(Wβ) and the occupied width of the δ band (WOδ ) as a function of doping in RbxFe2−ySe2−zTez and KxFe2−ySe2−zSz. The error bars come from
the uncertainty in the dispersion determination and curve fitting. (d) The photoemission spectra of RbxFe2−ySe2−zTez for z = 0.3 and z = 0.4,
along the Γ-M cut marked on the sketch of the Brillouin zone in the inset on the right. (e) The comparison of the spectra taken at the M point
for z = 0.3 and z = 0.4 samples. (f) Doping dependence of the effective mass (m∗) and Fermi velocity (vF) of the δ band. The m∗ and vF of
Tl0.4K0.4Fe1.7Se2 are indicated by dashed lines.
the shallower δ band can be clearly resolved [see Figure. 3(a)]
in our experimental geometry as reported before [7]. Around
the zone center Γ, the shallow electron-like band κ contributes
a small amount of photoemission intensity, with a strong kz
dispersion as observed before in KxFe2−ySe2 [7]. We present
the kz dispersions of the δ and κ Fermi surface sheets of
KxFe2−ySe2−zSz (z=0.53, 0.97) and RbxFe2−ySe2 in Ref. [34],
which are independent of the S/Te concentrations. The weak
ε band in Figure. 3(a) arises from the folding of the δ band by√
2 ×√2 superstructures as reported before [9, 30, 37–40].
Compared to the ε band, the δ and δ′ bands contribute most
of the density of states (DOS) near the Fermi energy (EF) and
should dominate the low-energy electronic structure. Since
both experiments and calculations found negligible kz disper-
sion for δ and δ′ [7, 34, 41], we estimate the electron doping
level based on the Fermi surface topologies in Fig. 2, which
gives 0.20 ± 0.02 electrons per Fe for both KxFe2−ySe2−zSz
and RbxFe2−ySe2−zTez (assuming there is no iron vacancy in
the superconducting phase [39, 42]), independent of S/Te dop-
ings. This finding indicates that S/Te doping does not intro-
duce extra carriers into AxFe2−ySe2 (A = K/Rb) within the er-
ror bar of our measurements. However, we found that the su-
perconducting gap scales with Tc for these compounds [34].
Furthermore, we did not see noticeable changes of the scatter-
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FIG. 4: A unified phase diagram of Tc vs. WOδ for AxFe2−y(Se,S,Te)2
(A=K, Rb, Tl/K). The sketches of the band dispersions for several
dopings illustrate the band structure evolution and the absence of
quasiparticles in the insulator phase. The dashed line is a linear
extrapolation of the Tc vs. WOδ data. Note that the bandwidths for
(Tl,K)xFe2−y(Se,S)2 are extroplated to match the doping level of the
other materials [34].
ing rate with the increasing of S/Te concentration [34]. Thus
the suppression of Tc with the S/Te doping is not due to impu-
rity effects.
In contrast to the doping-independent Fermi surfaces and
scattering rates, the S/Te doping clearly alters the band struc-
ture. Fig. 3(a) shows the photoemission intensity distributions
along the Γ-M direction. Here, the bandwidth of the β band
can be clearly resolved, and increases monotonically from left
to right, in conjunction with the reduction of the in-plane lat-
tice constant. The bottom of the δ band sinks accordingly.
Such a band structure evolution is further illustrated by energy
distribution curves (EDCs) in Fig. 3(b), where a background
has been subtracted to retrieve the dispersion more clearly as
described in the Supplementary Material [34]. Figure 3(c)
summarizes the systematic evolution of the bandwidth of β
(Wβ) and the occupied width of the δ band (WOδ ) with S/Te
doping, where Wβ is enhanced by 120 %, and WOδ by a factor
of more than 4, on decreasing the lattice constants or corre-
spondingly, increasing the chemical pressure.
Figure 3(d) shows the photoemission spectra along Γ-M
for RbxFe2−ySe2−zTez (z=0.3, 0.4). The spectra do not show
any noticeable momentum dependence. There are no quasi-
particles around the chemical potential, as expected for insu-
lators. However, the z=0.3 sample has some residual spec-
tral weight near the chemical potential, while the z=0.4 sam-
ple has none [Fig. 3(e)]. This may due to the coexistence
of some trace amount of superconducting phase in the z=0.3
sample as indicated in the resistivity data [32], or the inco-
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dashed grey circles. (b) Photoemission intensity distributions at the
zone corners along the cuts illustrated by white solid lines in (a).
herent remains of the suppressed quasiparticle bands. More-
over, our high-resolution transmission electron microscope
(HRTEM) data of RbxFe2−ySe1.6Te0.4 show that the
√
5 ×√5
vacancy-ordered “245” insulating phase coexists with a
√
2
×√2 superstructured phase in mesoscopic scale [34] . Since
a similar
√
2 ×√2 superstructure exists in the superconduct-
ing phase, as shown by the band folding in Fig. 3(a), one
can conclude that this phase with the
√
2 ×√2 superstructure
evolves from a superconductor to an insulator with increasing
Te doping. This insulator is distinct from that induced by Fe
vacancies in the “245” phase [29, 43, 44]. Moreover, since
Te only introduces chemical pressure instead of altering the
band filling, such a sudden disappearance of Fermi surface
when the bandwidth diminishes indicate a correlation-driven
superconductor/metal-insulator transition. Due to the strong
competitions among various inter-site exchange interactions
and strong spin fluctuations in the iron chalcogenides, as ex-
emplified in bulk FeSe [45, 46], it is an open question whether
there is a magnetic order in this insulator phase with the
√
2
×√2 superstructure. This might be answered by future neu-
tron scattering studies.
As shown in Ref. [34], band calculations indicate that the
bare bandwidths of KFe2Te2, KFe2Se2 and KFe2S2 only differ
by about 63% (Wβ) and 19% (WOδ ) [41]. By applying a linear
interpolation, we estimate that the change of the bare band-
width in the measured doping range here should be within
32% (Wβ) and 10% (WOδ ). The remarkable change of the
bandwidths in Fig. 3 is thus due to the additional bandwidth
renormalization by electronic correlations, which is driven
5largely by Hund’s rule coupling in the FeHTSs [47]. Similar
behaviors have been observed in the prototypical bandwidth-
controlled Mott transition of NiS2−xSex [48]. Because the bare
bandwidth and the effective bandwidth are monotonically re-
lated, either of them can be used to characterize the itinerancy
or kinetic energy. However, since the effective bandwidth
not only represents the itinerancy of quasiparticles, but also
carries the information on the electronic correlations in these
compounds, we use the effective bandwidth in the following
discussions.
In addition to the bandwidth, effective mass (m∗) and
Fermi velocity (vF) of the δ band reflect the electronic cor-
relation strength as well. As shown in Fig. 3(f), m∗ de-
creases from the Te-overdoped side to the S-overdoped side,
while vF shows the opposite trend accordingly. Taking WOδ
as the electronic parameter, one can obtain the phase dia-
gram in Fig. 4, which shows that superconductivity is sup-
pressed by driving the bandwidth away from its optimal
value by doping either the isovalent S or Te. Furthermore,
we have examined whether other sibling iron-chalcogenides
can fit into this phase diagram. Data for Tl0.4K0.4Fe1.7Se2
(Tc = 29 K) and TlxFe2−ySe2−zSz (non-superconducting) are
shown in Figs. 5(a) and (b). Compared with KxFe2−ySe2, the
electron Fermi pockets of Tl0.4K0.4Fe1.7Se2 are smaller [Fig
. 5(a)], corresponding to a carrier concentration of 0.14 ±
0.02 electrons per Fe. However, assuming these off-plane
dopants do not affect the band renormalization, as found
for Ba1−xKxFe2As2 before, we rigidly shift the parabolic
band so that the extrapolated Fermi crossings match those
of KxFe2−ySe2 [34], the extrapolated WOδ would fall into
the curve shown in Fig. 4 within the error bar. For the
non-superconducting TlxFe2−ySe0.4S1.6 and TlxFe2−ySe2, their
electron pockets are slightly larger than those of KxFe2−ySe2,
while their δ bands are much broader (Fig. 5). After com-
pensating the small difference in the Fermi pockets by rigid
shifting their Fermi crossings to match those of KxFe2−ySe2,
one can obtain their WOδ s. They are still much larger than 150
meV, far above the superconducting regime in Fig. 4. We note
that a similar phase diagram can be reached if using m∗ as the
horizontal axis.
IV. DISCUSSIONS
We have observed the bandwidth evolution of the 122∗ se-
ries of iron-chalcogenides by substituting Se with S or Te,
and obtain a unified phase diagram in Fig. 4 from metal (S
side) to superconductor, then to an insulator (Te side), with
nearly fixed Fermi surface and negligible impurity scatter-
ing effects (see Supplementary Materials [34]). Moreover,
there is no noticeable orbital occupation change either. The
dramatic change of bandwidth (or band bottom of δ) sig-
nifies strong correlation effects in iron-selenides. Such a
bandwidth-controlled or correlation-driven superconductor-
to-insulator transition resembles the bandwidth-controlled or
the Brinkman-Rice Mott transition, where the bandwidth de-
creases to zero or the quasiparticle mass diverges [49]. In-
terestingly, a Mott transition, no matter in a single-band or
multiple-band system, requires integer filling of the band
[49, 50], whereas there is a small band filling in the insu-
lating state of Te-overdoped sample. Therefore, it is not a
Mott insulator or at least not a usual one, instead, it could
be a novel correlation-driven insulator where Anderson local-
ization might play a role. Alternatively, judging from the de-
pleted spectral weight at the chemical potential, it is also likely
that certain order, such as charge density wave, might have oc-
cured and multiplied the unit cell, which in turn would cause
an integer band filling, and give a Mott transition. Recently,
J. He and coauthors reported a carrier-doping-induced insulat-
ing phase in monolayer FeSe [51]. However, it was later found
by Y. Fang and coauthors that similar band structure and in-
sulating phase could be reproduced in FeSe films with iron
vacancies [52]. Therefore, the insulating phase in FeSe film
is qualitatively different from the insulating RbxFe2−ySe2−zTez
(z=0.3, 0.4).
In Fig. 4, there is a metallic regime between the insulat-
ing phase and superconducting phase. If this regime existed
in real materials, it would correspond to the narrow tellurium
concentration range of 0.28 < z < 0.3. Since this doping range
is quite narrow, the sudden change between insulating state
and superconducting state indicates that the superconductor-
to-insulator transition here is likely of first order, and this
metallic regime may not exist in real materials. Consistently
in this narrow doping range, the transport behaviors evolve
drastically, and there is some trace of the superconducting
phase, an indicative of phase separation [32].
Towards the large bandwidth or weak correlation regime,
the behavior of the 122∗ series of iron-chalcogenides resem-
bles the observations made before in the first family of Fe-
HTS [19]. That is, the superconductivity is weakened and
eventually suppressed at the high doping level with increased
bandwidth. However, in the strong correlation regime, most
iron pnictides enters the competing collinear antiferromag-
netic metallic ground state instead of an insulating state found
here. Nevertheless, all these results jointly suggest that the
bandwidth or correlation strength provides a unifying stand-
point in understanding the ground-state evolutions in both
families of FeHTSs.
Like the t-J model for the cuprate, FeHTSs have been de-
scribed by effective models with short-range antiferromag-
netic exchange couplings in strong local pairing scenarios,
which could give the pairing symmetries and gap functions
for both families of FeHTSs [20–26]. In such effective mod-
els, there are two critical parameters that control the supercon-
ductivity: the renormalized effective bandwidth, W, and the
effective antiferromagnetic coupling strength J (or multiple
Jis among various neighbors). The superconductivity appears
when the ratio of J/W is bound within a certain region. Below
the lower bound, electron correlations are too weak, so that
the system cannot sustain the unconventional high tempera-
ture superconductivity; while beyond the upper bound, too
strong electron correlations or too weak itinerancy would give
6an insulator and/or magnetic ordered phase instead of a super-
conductor. If the effective short-range antiferromagnetic ex-
change couplings Js do not vary significantly with the isova-
lent doping, as in the case of FeHTSs [53, 54], the bandwidth
(or other equivalent parameters describing electron itinerancy,
or conversely, correlation) becomes the pivotal variable that
controls the evolution of superconductivity, as observed here
in these 122∗ series of iron-chalcogenide superconductors.
Therefore, the observed robust correlation between the super-
conductivity and W provides a compelling support for the lo-
cal pairing scenario in the 122∗ series of iron-chalcogenides
superconductors. Furthermore, in the strong coupling theories
that tried to understand both FeHTSs and cuprates [22, 26],
the phase evolution is controlled by the competition between
the kinetic energy and interactions. Therefore, it is not surpris-
ing that the phase diagram found here resembles the cuprate
phase diagram, except that the control parameter here is band-
width, instead of carrier doping. Note that in the cuprate case,
with increased doping, the effective bandwidth increases, and
the correlation strength decreases. As a result, it is possible to
understand both the FeHTSs and the cuprates in such a unified
way.
Finally, we note that our data further challenges the weak
coupling mechanism, which stresses the interactions of elec-
trons around the Fermi surface. In this kind of scenarios, the
stronger correlations (or narrower bandwidth, smaller vF) give
rise to a larger DOS, which is expected to yield higher Tc,
when the Fermi surface is invariant upon isovalent doping.
However, our data suggests that the superconductivity will
be strongly suppressed once the electron correlation strength
goes beyond the optimal regime, even though the DOS contin-
uously increases. For example, RbxFe2−ySe2−zTez has stronger
correlations but a lower Tc than RbxFe2−ySe2. Moreover,
Tl0.4K0.4Fe1.7Se2 and KxFe2−ySe2 have almost the same Tc,
m∗ and vF [dashed line in Fig. 3(f)], while there is significant
difference between their sizes of Fermi surfaces. This is not
consistent with the weak coupling mechanism as well.
V. CONCLUSIONS
To conclude, we have shown that the superconductiv-
ity evolutions in KxFe2−ySe2−zSz, RbxFe2−ySe2−zTez and
(Tl,K)xFe2−ySe2−zSz can be comprehensively understood from
their bandwidth evolutions. We have found a correlation
driven phase evolution from metal to superconductor, and
eventually to a non-trivial insulating phase. Our data suggest
that correlation (or bandwidth as the electronic control param-
eter) plays a critical role in the iron based superconductors
with only electron Fermi surfaces, as found before for those
with both electron and hole Fermi surfaces. Our results thus
present an important step to the unified understanding of all
the iron-based superconductors, which are consistent with the
strong local pairing scenarios.
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